The neural foundations of arithmetic learning are not well understood. While behavioral studies have revealed relationships between symbolic number processing and individual differences in children's arithmetic performance, the neurocognitive mechanisms that bind symbolic number processing and arithmetic are unknown. The current fMRI study investigated the relationship between children's brain activation during symbolic number comparison (Arabic digits) and individual differences in arithmetic fluency. A significant correlation was found between the numerical ratio effect on reaction times and accuracy and children's arithmetic scores. Furthermore, children with a stronger neural ratio effect in the left intraparietal sulcus (IPS) during symbolic number processing exhibited higher arithmetic scores. Previous research has demonstrated that activation of the IPS during numerical magnitude processing increases over the course of development, and that the left IPS plays an important role in symbolic number processing. The present findings extend this knowledge to show that children with more mature response modulation of the IPS during symbolic number processing exhibit higher arithmetic competence. These results suggest that the left IPS is a key neural substrate for the relationship between the relative of precision of the representation of numerical magnitude and school-level arithmetic competence.
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Introduction
Acquiring basic arithmetic skills is a crucial prerequisite for successful participation in modern society (Duncan et al., 2007; Romano et al., 2010) . However, the neurocognitive predictors of successful arithmetic learning are not well understood. Recent behavioral studies have revealed that children's symbolic and non-symbolic numerical magnitude processing abilities are related to and predictive of their arithmetic achievement level. Specifically, the degree to which the numerical distance between two numbers, or their ratio, affects response time and accuracy when comparing the relative magnitude of those numbers, is correlated with scores on tests of mental arithmetic (Bugden and Ansari, 2011; De Smedt et al., 2009; Halberda et al., 2008; Holloway and Ansari, 2009 ). The numerical distance (longer response times when the numerical distance and ratio effects between two numbers is small or the ratio of the small: large number is large) have become litmus tests for probing the representation and processing of numerical magnitude (Moyer and Landauer, 1967) .
Studies investigating the functional neuroanatomy underlying numerical magnitude processing in adults have found that numerical distance modulates activity in bilateral regions of the intraparietal sulcus (IPS) (Pinel et al., 2001 ). Furthermore, comparisons of the brain activation underlying numerical magnitude processing in children and adults indicate that activation of the parietal cortex during numerical comparison exhibits age-related changes (Ansari et al., 2005; Cantlon et al., 2006) . Specifically, adult participants exhibit a greater effect of numerical distance/ratio on IPS activation than do children, suggesting a process of age-related specialization for the processing of numerical magnitude.
What is currently not well understood is how brain activation during numerical magnitude processing is related to individual differences in arithmetic competence. Understanding how brain responses during numerical magnitude processing relate to behavioral measures of magnitude processing and individual differences in children's arithmetic achievement will provide insights into both neuronal and behavioral predictors of individual differences in children's arithmetic achievement, and the relationships between these different levels of explanation.
In the present study, we used functional Magnetic Resonance Imaging (fMRI) to measure brain activation during symbolic number comparison in a group of seventeen 8-9 year old children who varied in their performance on a standardized test of mathematical fluency but had normal achievement scores on tests of verbal and non-verbal intelligence as well as reading fluency. On the basis of a recent meta-analysis of number processing in children (Houdé et al., 2010) , we extracted estimates of the brain activation during symbolic numerical magnitude comparison from three regions of interest (ROIs) that have been reliably associated with numerical magnitude processing in children and correlated these estimates of brain activation with children's arithmetic achievement scores.
We hypothesize that individual differences in the effect of numerical ratio on brain activation, in particular on responses in the parietal cortex, are correlated with between-subjects variability in children's arithmetic skills.
Methods

Participants
Twenty-two children were recruited to participate in the fMRI experiment. Five children were excluded from the study, because their head movements in the scanner were either greater than 3 mm over the entire scan, or they had a greater than 2 mm jump between subsequent volumes of brain images. Following the application of these exclusion criteria, 17 children were included in the final data set [14 female, mean age 105.59 months (8.8 years), standard deviation 6.09 months]. Nine children were in grade three and eight children were in grade four. All children were right handed and native English speakers with normal or corrected to normal vision. The Health Sciences Research Ethics Board at the University of Western Ontario approved all procedures. Written consent and assent was obtained from all children and parents.
The sample of participants had variable performance on a standardized measure of math fluency with their standard scores ranging between 68 and 104 (with a mean score of 89.41, SD = 9.46). In contrast, all participants obtained average (within one standard deviation above and below the standardization mean of 100) reading fluency (M = 108.94, SD = 11.58) and intelligence standard scores (M = 109.76, SD = 11.96) ( Table 1 ). This distribution of scores, thus, enables an assessment of the degree to which variability in arithmetic performance is related to brain activation in the absence of similar (and thus potentially confounding) variability in non-arithmetic performance, such as reading, verbal and non-verbal intelligence.
Behavioral assessment
Each child visited an fMRI simulation facility at The University of Western Ontario for a first testing session. During this session, children were trained in and familiarized with the procedures associated with fMRI research participation. In addition, each child was tested on a battery of standardized tests measuring mathematical and reading achievement, as well as intelligence.
Two subtests from the Woodcock Johnson III subtests of Achievement (Woodcock et al., 2001 ) were administered to each child. The Math Fluency subtest, which measures the ability to solve simple addition, subtraction and multiplication facts quickly, and the Reading Fluency subtest, which measures the ability to quickly read simple sentences, were administered. In addition, all participants were also tested using the Kaufman Brief Intelligence Test, Second Edition (Kaufman and Kaufman, 1997) . This test takes approximately 15-30 min to be administered and measures both verbal and nonverbal intelligence.
The raw scores from the standardized tests were used in the correlational analyses presented below because of their higher variability between subjects and thus better estimation of small differences between participants' ability levels. This is especially true in relatively small samples of young children where only a few items are available to discriminate between children's performance levels and thus, differences between subjects' standard scores may be less accurately reflective of variability in their performance levels than raw scores (Bracken, 1988) . To control for the effects of chronological age, all correlations were partial correlations with age in months partialled out. Since partial correlations were used, all the correlations estimate the relationship between raw scores and behavioral and neural ratio effects independently of chronological age.
Experimental design
In the second session, each child returned to participate in the fMRI component of the study where they completed a symbolic numerical comparison task while brain function was measured using fMRI. The participants were asked to choose the numerically larger of two presented digits as fast as they could without making any errors by responding with a button press in the scanner. An event-related fMRI design was used to investigate which brain regions were modulated by numerical ratio during the numerical comparison task. Participants were presented with a series of two single digit white Arabic numerals for 1000 ms, with a font size of 60, presented against a black background using E-prime stimulus presentation software (Psychological Software Tools, Pittsburgh, PA). The Arabic numerals presented ranged from one to nine and the ratio between the two numbers was calculated by dividing the small number by the larger number (small/large). Small and large ratio pairs were used with six small ratio pairs ranging from .11 to .22 [the small ratios (with the pair of presented digits in parentheses): .11 (1-9), .13 (1-8), .14 (1-7), .17 (1-6), .20 (1-5) and .22 (2-9)] and six large ratio pairs ranging from .78 to .89 [the large ratios (with the pair of presented digits in parentheses): .78 (9-7), .8 (4-5), .83 (6-5), .86 (6-7), .88 (8-7) and .89 (9-8)]. Each pair was administered four times in two runs for a total of 48 trials. In this design, the frequency of number presentation is confounded with ratio in the small ratio condition given that one is presented more frequently than the other numerals. However, this is an issue characteristic of single-digit number comparison tasks where there are more repetitions in the small compared to the large ratio condition.
After each stimulus presentation, participants were presented with a variable fixation period with either 4000, 6000 or 8000 ms. Each run began and ended with a 16,000 ms fixation period to achieve a better estimation of the baseline. Total running time for the numerical comparison task was approximately 5 min per run.
It should be noted that previous studies investigating the relationship between number comparison and brain activation have frequently used numerical distance (Ansari et al., 2005; Pinel et al., 2001) , rather than numerical ratio as an independent variable. However, numerical ratio and distance are highly correlated. Indeed, in the present study, the average numerical distance of the small ratio trials was 1.17, and 6.17 for the large ratio trials. Consistent with this, the correlation between ratio and distance for the trials used was very high [r(46) = −.94, p < 001].
fMRI data acquisition
Scanning was performed on a 3 T Siemens Tim Trio MRI system with a Siemens 32-channel receive-only head coil (Erlangen, Germany). An anatomical scan was performed encompassing the whole brain after the functional runs were completed. This was achieved by collecting 192 one-mm thick slices using a 3-D T1-weighted acquisition sequence (TI = 900 ms, TE = 4.25 ms, TR = 2300 ms, flip angle = 9 • ). The in-plane resolution of the anatomical scans was 256 pixels × 256 pixels. To collect functional data, we used a T2*-weighted echo-planar imaging sequence (TE = 30.0 ms, TR = 2000 ms, flip angle = 90 • ) for BOLD acquisition. The field of view was 21.1 cm × 21.1 cm with an in-plane matrix size of 64 pixels × 64 pixels. Each image consisted of 38 slices (voxel size = 3 mm) with an inter slice time 52 ms. There were no gaps between slices and 160 volumes were collected in a run (no volumes were discarded from the beginning of the run beyond the two removed by the scanner).
Image pre-processing and statistical analysis
Both structural and functional images were analyzed using Brain Voyager QX 2.1.2 (Brain Innovation, Maastricht, Netherlands). The functional images were corrected for differences in slice time acquisition, head motion, linear trends and low frequency noise. In addition, functional images were spatially smoothed with a 6 mm full width at half maximum Gaussian smoothing kernel. Following initial automatic alignment, the alignment of functional images to the high-resolution T1 structural images was manually fine-tuned. The realigned functional data set was then transformed into Talairach space (Talairach and Tournoux, 1988) . A two gamma hemodynamic response function convolved with a 1-volume boxcar function at trial onset was used to model the expected BOLD signal (Friston et al., 1998) . Inaccurate responses were modeled as predictors of no interest.
Results
Behavioral data
A paired samples t-test was conducted between small and large ratio conditions for reaction time and mean accuracy respectively. For reaction time (RT), a significant difference was found between small and large ratio conditions [t(16) = −7.24, p < .001], indicating that participants were faster during the small ratio condition (M = 924.89, SD = 175.05) relative to the large ratio condition (M = 1075.18, SD = 192.41). For accuracy (proportion of incorrect responses), a significant difference was also found between large and small ratio conditions [t(16) = −5.03, p < .001], demonstrating that participants were more accurate in the small ratio conditions (M = .02, SD = .04) than the large ratio conditions (M = .18, SD = .13).
The behavioral ratio effect was calculated by subtracting the mean small ratio condition RT (e.g. .11-.22) from the mean large ratio condition RT (e.g. .78-.89) and dividing the outcome by the mean of the small and large ratio conditions (RT), using the correct responses. This method controls for differences between subjects in general RT by treating the ratio effect as proportional change in RT between the small and the average of the small and large ratio conditions. A significant negative partial correlation was found between the RT ratio effect and math fluency raw scores, after controlling for chronological age [r(14) = −.56, p = .02] (see Fig. 1a ). The accuracy ratio effect was calculated using the proportion of incorrect responses (INACC, mean Correlation between accuracy ratio effect and math fluency raw scores. Note: RT, reaction time ratio effect (large ratio RT-small ratio RT/mean of large and small ratio RTs); INACC, accuracy ratio effect (mean incorrect responses for large ratios -mean incorrect responses for small ratios/mean of large and small ratios incorrect responses). Note: two participants had the same data points and are overlapping in (b).
incorrect for large ratio − mean incorrect for small ratio/mean incorrect for small and large ratio). The accuracy ratio effect was also negatively correlated with math fluency scores after controlling for age [r(14) = −.66, p = .002] (see Fig. 1b ).
Neuroimaging data
In order to restrict our analyses of the neuroimaging data to brain regions that have previously been reliably associated with numerical processing in children, we carried out a region of interest (ROI) analysis using three brain regions reported in a meta-analysis (Houdé et al., 2010) of neuroimaging studies of numerical processing in children (ages 4-13, with the majority of studies included in this meta-analysis reporting results from children between the ages 8 and 13). These regions were the right inferior frontal gyrus (IFG), left superior frontal gyrus (SFG) and the left intraparietal sulcus (IPS). 1 This approach represents a hypothesis driven, independent method for the selection of ROIs for the estimation of brain-behavior correlations (Kriegeskorte et al., 2009; Poldrack, 2007; Vul et al., 2009 ). The MNI (Montreal Neurological Institute) coordinates from the meta-analysis were converted into Talairach coordinates using a website that converts MNI coordinates into Talairach space (http://www.bioimagesuite.org/Mni2Tal/ index.html). Each ROI was defined on the basis of the peak coordinate reported in the meta-analysis by Houdé et al., with a cluster spread for each dimension (x, y and z) of 10 mm. Average fMRI parameter estimates (beta values) for each predictor (small ratio and large ratio conditions) were extracted from the three regions (see Fig. 2a ) in order to estimate the effect of numerical ratio on activation in these ROIs, as well as to correlate the neuronal ratio effect with individual differences in children's arithmetic scores.
A significant ratio effect was found in the left IPS, t(16) = 3.80, p = .002, Bonferroni corrected. No significant ratio effect was observed in either of the prefrontal regions.
[SFG, t(16) = 1.66, p = .12; IFG, t(16) = 1.08, p = .30] (Fig. 2b) .
Brain-behavior correlations
Correlations between the behavioral and neuroimaging data were conducted using beta weights from each of the regions of interest. The neural ratio effect was calculated by subtracting the small ratio mean beta weight values from the large ratio mean beta weight values. A significant partial correlation (removing the variance explained by differences in children's chronological age) was found between children's math fluency raw scores and the neural ratio effect in the left IPS [r(14) = .58, p = .02], indicating that children who exhibited a larger ratio effect in the left IPS had higher math fluency scores (see Fig. 3 ). Furthermore, a significant negative correlation was found between the neural ratio effect in the IPS and behavioral ratio effects (RT [r(14) = −.58, p = .02] (see Fig. 4a ); Accuracy [r(14) = −.69, p = .001]) while controlling for chronological age (Fig. 4b) . These data show that children who exhibited a larger neural ratio effect showed a smaller behavioral ratio effect.
Although the ratio effect was not significant in these regions, partial correlation analyses were also conducted using the neural ratio effect in right IFG and the left SFG and math fluency raw scores while controlling for chronological age. A significant positive correlation was found between the right IFG and math fluency [r(14) = .58, p = .02] and a marginally significant correlation was found between the left SFG and math fluency [r(14) = .48, p = .06], indicating that a larger ratio effect in the prefrontal regions are associated with relatively higher math fluency scores. The right IFG and left SFG showed marginally significant negative correlations with the behavioral ratio effect using accuracy [IFG, r(14) = −.50, p = .05; SFG, r(14) = −.47, p = .07], but did not correlate with the behavioral ratio effect using reaction time (see Table 2 for correlation matrix).
Importantly, both the behavioral and the IPS ratio effects were found to be unrelated to measures of reading achievement. Moreover, measures of verbal and non-verbal IQ did not significantly correlate with the ratio effect on behavioral and brain imaging measures, suggesting that the brain-behavior correlations reported above are specific to individual differences in mathematical achievement (see Table 2 for a correlation matrix).
In addition, to ascertain that the key correlations between both behavioral and brain-imaging measures of the ratio effect were significant after controlling for intelligence, partial correlations (controlling for the average of the verbal and non-verbal IQ scores) were run. These revealed a significant correlation between (a) the behavioral ratio effect on reaction time and math fluency [r(14) = −.60, p = .01] and (b) the ratio effect on the left IPS and math fluency scores [r(14) = .59, p = .02] and (c) the ratio effect on reaction time and the ratio effect on left IPS activation [r(14) = −.60, p = .01]. Thus all the key correlations (displayed in Figs. 1, 3, 4 ) remain significant after controlling for individual differences in measures of verbal and non-verbal intelligence.
In addition to the above correlation analyses, a hierarchal regression analysis was conducted to investigate the extent to which the neural ratio effect in the left intraparietal sulcus (IPS) predicted unique variance in math fluency over and above age (step 1), reading fluency (step 2) and nonverbal IQ (step 3). The results demonstrated that after controlling for these factors, the neural ratio effect predicted a significant amount of unique variance in the math fluency [ R 2 = .25, F(1,12) = 5.23, p = .04]. A second regression analysis was conducted to explore the extent to which the neural ratio effect explained unique variance in the math fluency when verbal IQ was substituted for non verbal IQ in step 3. We found that the neural ratio effect explained a marginally significant amount of unique variance in math fluency [ R 2 = .21, F(1,12) = 4.30, p = .06]. A third regression analysis investigating the extent to which the neural ratio effect explains unique variance in math fluency when IQ composite standard scores were substituted in step 3. The neural ratio effect was found to explain a significant amount of unique variance in math fluency [ R 2 = .24, F(1,12) = 4.95, p = .046] (see Table 3 ). 
Brain behavioral correlations in the right IPS
It has been frequently shown that the right IPS is involved in numerical magnitude processing (Piazza et al., 2004 (Piazza et al., , 2007 ; therefore, in order to explore any hemispheric differences in the right and left IPS, beta weights were extracted from the right IPS ( 
Whole brain analyses and correlations
To address whether (a) the effect of ratio on left IPS activation was significant at the whole brain level and whether (b) individual differences in any such whole brain ratio effect were correlated with individual differences in children's arithmetic achievement scores, a whole brain general linear model (GLM) analysis of the ratio effect was conducted to identify regions that showed a statistical difference between large and small ratio conditions. The resulting statistical maps were corrected for multiple comparisons using a cluster thresholding method (Forman et al., 1995; Goebel et al., 2006) . For this analysis, the initial random-effects threshold was set at p < 005, uncorrected, and the resulting map was submitted to different correction criterion based on the estimates of the map's smoothness and on an iterative procedure for estimating cluster-level false positive rates. After 1000 iterations, the minimum cluster size that yielded a cluster-level false positive rate of .05 was 648 structural voxels per cluster. Therefore, only activations whose cluster size met or exceeded the cluster threshold of 648 remained on the statistical maps. As can be seen from Fig. 5 , a significant effect of ratio at the whole brain level in the left IPS was found (x = −29, y = −67, z = 34; number of voxels = 2563) (Fig. 5b) . Furthermore, as indicated by the super-imposed blue square, this activation overlapped precisely with the region determined by the Houdé et al.'s (2010) meta-analysis to be consistently associated with number processing in children and subsequently used for the above reported ROI (Fig. 5a) . To assess the degree to which individual differences in the ratio effect on this left parietal brain region were correlated with variability in children's math achievement, the beta values for small and large ratio conditions were extracted from the left IPS region and individual differences in the brain ratio effect (large-small) were correlated with math fluency raw scores. Consistent with the ROI analysis, the neural ratio effect in the left IPS resulting from the whole brain analysis significantly correlated with math fluency raw scores after partialling out the variance due to chronological age [r(14) = .54, p = .03] (Fig. 5c) .
Greater modulation of ratio was also found in the following clusters with the Talairach coordinates and number of voxels in parentheses: the left parahippocampal gyrus (x = −14, y = −5, z = −12; number of voxels = 772); the medial occipitotemporal gyrus (x = 12, y = −38, z = −4; number of voxels = 881); the left lingual gyrus (x = −14, y = −45, z = −1; number of voxels = 1413); the cerebellum (x = 6, y = −68, z = −22, voxels = 1302), and a region extending from the medial occipitotemporal gyrus to the cuneus (x = −1, y = −77, z = 4; voxels = 7897). The whole brain analysis did not reveal a significant ratio effect in the prefrontal cortex or in the right IPS. Furthermore, the ratio effect did not significantly correlate with mathematical fluency in any of these regions (all p's > .05) (see Table 4 ).
Discussion
The acquisition of arithmetic competence is a crucial predictor of school and life success (Duncan et al., 2007; Romano et al., 2010) . Recent evidence has demonstrated that the representation and processing of numerical magnitude relates to individual differences in math achievement (Bugden and Ansari, 2011; De Smedt et al., 2009; Holloway and Ansari, 2009 ). The roles of neuronal mechanisms subserving basic numerical magnitude processing in explaining individual differences in arithmetic achievement, however, are poorly understood. The results of the present study provide the first demonstration that individual differences in the engagement of the left parietal cortex during numerical magnitude processing are related to variability in children's arithmetic achievement performance. Moreover, this relationship between parietal brain activation during symbolic number processing and arithmetic competence was found to be domain specific, as no relationships between brain activation and measures of reading achievement or intelligence were observed.
Using an independent, region of interest (ROI) approach, we investigated the ratio effect in three cortical regions that have been consistently implicated in numerical processing in children (Houdé et al., 2010) . Correlation analyses revealed that the degree to which the left IPS is modulated by numerical ratio is related to individual differences in children's scores on a standardized test of math achievement. Specifically, children who exhibited a larger ratio effect in the left IPS had relatively higher math fluency scores. This evidence points to a relationship between neural processing of numerical magnitude and individual differences in children's arithmetic achievement. The ROI analyses were also confirmed by a whole-brain analysis (see Fig. 5 ) that demonstrated a significant effect of ratio on a region of the left IPS that closely overlaps with the ROI from the Houdé et al. meta-analysis. Moreover, individual differences in the ratio effect on activation in this region were found to positively correlate with children's math fluency scores.
At the behavioral level, the results of the present study show a negative correlation between the behavioral ratio effect (RT and Accuracy) and math fluency scores. These results support previous findings of a relationship between individual differences in the magnitude of children's ratio/distance effect and their math achievement (Bugden and Ansari, 2011; De Smedt et al., 2009; Holloway and Ansari, 2009) . Interestingly, the relationship between behavioral measures of the ratio effect and math fluency is in the opposite direction to those between the neuronal ratio effect and arithmetic achievement measures. Specifically, a greater neural ratio effect was found to be associated with higher math fluency scores, whereas a greater behavioral ratio effect was associated with lower math fluency scores. A possible explanation for these differences in the direction of the relationships is as follows: children who exhibit a smaller neural ratio effect have a noisier representation of numerical magnitude leading to greater overlap (similarity) of representations in the IPS and thus, similar levels of engagement of this brain region. Put differently, the neuronal processes underlying the discrimination of small and large ratios are more similar in children with a less mature representation of numerical magnitude (Ashkenazi et al., 2012) . Therefore, similar processes are being engaged during the processing of different ratios leading to the absence of a clear differentiation between activation correlated with the processing of relatively small and large ratios. Support for this interpretation comes from the study of numerical magnitude processing in children with developmental dyscalculia (DD). In these studies, children with DD, in contrast to typically developing children, were found to not exhibit a significant distance effect on IPS activation (Mussolin et al., 2010; Price et al., 2007) . In other words, while children with DD activated the IPS during the comparison of both small and large distance conditions, no activation differences between these conditions were observed. Furthermore, developmental literature has consistently demonstrated that there are larger effects of distance on the IPS in the brains of adults compared to children (Ansari and Dhital, 2006; Ansari et al., 2005) . Taken together, these results suggest that greater similarity in the activation of the IPS for small and large distance conditions is associated with immature and atypical processing of numerical magnitude.
Therefore, a smaller ratio effect in the IPS may reflect a less refined representation and processing of numerical magnitude in this region. Consequently, greater effort is required to discriminate between numerical magnitudes, which, in turn, results in a larger behavioral ratio effect. As children develop more precise and less overlapping representations of numerical magnitude in the IPS, a greater difference between the processing of small and large ratios can be detected. Thus, while a small behavioral ratio effect may be indicative of greater precision in the processing of numerical magnitude, the reverse is true for neuronal measures of the ratio effect, where a greater neural ratio effect is associated with more efficient processing and higher arithmetic achievement. The fact that the relationships between math fluency and the neural and behavioral ratio effects go in opposing directions, highlights the unique contribution that neuroimaging research can make to understanding cognitive phenomena, when both behavioral and neuroimaging methods are combined.
The above interpretation is also consistent with the present finding of a negative correlation between the magnitude of the behavioral ratio effect and the neuronal (fMRI) ratio effect. In other words, children with a greater effect of ratio on brain activation were also those that had a comparatively small effect of ratio on response times and accuracy, suggesting that an increased neural ratio effect supports improved behavioral performance indexed by a smaller behavioral ratio effect. These findings suggest that the neural ratio effect in the left IPS is not simply a correlate of increased task difficulty and increased reaction time, but that the neural processing of symbolic numerical magnitude plays an important role in the relationship between basic number processing and arithmetic skills.
Interestingly, both the ROI and whole-brain analysis revealed that ratio-related activation in the left, but not right IPS is associated with individual differences in math achievement. These findings are consistent with a growing body of evidence suggesting that the left IPS is engaged during the processing of symbolic numerical magnitude (Ansari, 2007; Butterworth, 1999; Cohen Kadosh et al., 2010; Notebaert et al., 2011; Pesenti et al., 2000; Piazza et al., 2007) . In contrast, the right IPS appears to be associated with the non-symbolic processing of numerical magnitude as well as non-numerical magnitude processing (Cohen Kadosh and Walsh, 2009; Notebaert et al., 2011; Piazza et al., 2007) . The present findings extend this body of evidence by revealing that symbolic numerical magnitude processing in the left but not right IPS is related to individual differences in children's arithmetic competence.
It is important to point out that the ROI analysis also revealed significant relationships between the ratio effects in the right inferior frontal gyrus (IFG) and left superior frontal gyrus (SFG) and children's math fluency scores. However, in the present manuscript, we focus the discussion on the relationship between the ratio effect in the left intraparietal sulcus (IPS) and math achievement. We do so because both the region of interest and whole brain analyses did not demonstrate these regions to be significantly modulated by ratio. Moreover, only the ratio effect on the left IPS was correlated with both measures of children's arithmetic achievement, as well as the behavioral ratio effect on reaction times. Finally, none of the regions, that were modulated by ratio at the whole brain level, other than the left IPS, significantly correlated with math fluency.
Notwithstanding, we recognize that studies of numerical magnitude processing frequently reveal the involvement of other brain regions and that our findings are consistent with the notion that the IPS is part of a wider network of brain regions that mediates numerical magnitude processing. It is also important to acknowledge that working memory processes play an important role in arithmetic performance (Dumontheil and Klingberg, 2011) ; however, the current study focused on the relationship between symbolic numerical processing skills and arithmetic achievement. The numerical comparison task in the current study presented Arabic stimuli simultaneously on the screen, and both digits were visible during the comparison judgment; therefore, this task contained no working memory demands. Thus, it is unlikely that the relationship between symbolic magnitude processing skills and mathematical achievement is explained by working memory. However, given the findings presented by Dumontheil and Klingberg (2011) , future research should investigate the relative contributions of activation of the IPS during working memory as well as basic number processing tasks to individual differences in children's math achievement. Such research will help to further our understanding of how the similarities and differences in the neural correlates of these two predictors of variability in children's math achievement.
The present findings provide a deeper characterization of the relationship between numerical magnitude processing and individual differences in children's math achievement, a relationship that has been consistently found in the behavioral literature (Bugden and Ansari, 2011; De Smedt et al., 2009; Holloway and Ansari, 2009 ). In addition, the results of the present study elucidate the neural and cognitive processes involved in driving this relationship. Consistent with previous findings (Notebaert et al., 2011; Piazza et al., 2007) and hypotheses (Ansari, 2007) , these data suggest that the left IPS plays a critical role in the developmental scaffolding of number processing that is the consequence of enculturation, such as symbolic number processing and arithmetic. In contrast, the right IPS has been implicated in non-symbolic numerical magnitude processing (Piazza et al., 2004 (Piazza et al., , 2007 and is activated in early development (Cantlon et al., 2006; Hyde et al., 2010) . Thus while the foundations of numerical magnitude processing may be supported by the right IPS, the left IPS is involved in the symbolic number representations and their use during mental arithmetic.
In summary, of three brain regions reliably associated with numerical processing in children, only the left IPS demonstrated a neural ratio effect. Brain-behavior correlations revealed that a larger ratio effect in the left IPS was associated with higher math achievement scores. This result was also substantiated by a whole-brain analysis. Future research is necessary in order to understand whether this relationship between numerical magnitude processing and tests of math achievement holds true in groups of atypically developing participants, such as children with dyscalculia.
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